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Introduction
The Indian subcontinent is affected by syn-
optic-scale cyclonic vortices each summer 
monsoon season (June–September). These 
vortices, known as monsoon low-pressure 
systems (LPSs), most frequently develop 
over the head of the Bay of Bengal (BoB) 
and adjoining land area, propagate west-
northwestward over India, and produce 
abundant precipitation along their tracks 
(e.g. Mooley, 1973; Godbole, 1977). LPSs 
have triggered several catastrophic floods 
in the Indian subcontinent, including the 
2018 Kerala floods (Hunt and Menon, 2020). 
Previous studies have suggested that LPSs, 
which have an average lifespan of 3 to 5 days, 
are responsible for around half of the sum-
mer monsoon rainfall over India (e.g. Yoon 
and Chen, 2005; Hunt and Fletcher, 2019).
According to the India Meteorological 
Department,1 systems featuring two closed 
isobars in surface pressure at 2 hPa inter-
vals over land, or those featuring 3-minute 
maximum sustained surface wind speeds 
of 8.5–13.5 m s−1 over sea are referred to 
as monsoon depressions, whereas systems 
weaker than this are referred to as mon-
soon low-pressure areas. Typically, around 
14 LPSs form each summer and half of them 
intensify into monsoon depressions (Boos 
et al., 2015). Both the frequency and lifespan 
of LPSs are larger in July and August than 
in June and September (Krishnamurthy and 
Ajayamohan, 2010).
Of particular importance to this study are 
the structures of thermodynamic and mois-
ture fields of LPSs (Godbole, 1977; Hunt et al., 
2016) and the relationship between intrase-
asonal modes of rainfall and LPS frequency 
(Krishnamurthy and Ajayamohan, 2010). 
LPSs have a warm-over-cold core structure; 
the lower-tropospheric cold core is a result 
of evaporative cooling of precipitation and 
reduced insolation due to significant cloud 
cover (Sarker and Choudhary, 1988; Sørland 
and Sorteberg, 2015), whereas latent heat-
ing from deep convection is responsible for 
the warm core (Keshavamurty et al., 1978). 
The LPS frequency during the active phase 
of the monsoon is nearly 3.5 times higher 
than during the break phase, and nearly 
7 times higher for monsoon depressions 
(Goswami et al., 2003; Krishnamurthy 
and Shukla, 2007). Krishnamurthy and 
Ajayamohan (2010) analysed LPSs during 
all phases of the two intraseasonal modes, 
which were first obtained by Krishnamurthy 
and Shukla (2007, 2008). These intra-
seasonal modes are related to the Boreal 
Summer Intraseasonal Oscillation (BSISO), 
to be discussed later in this section. They 
concluded that the location and area cov-
ered by LPSs are tied to the propagation of 
convective anomalies of these intraseasonal 
modes — LPS tracks occur further south 
over the subcontinent when convective 
anomalies are located over the equatorial 
Indian Ocean, and further north when the 
convective anomalies are located over India 
and the northwestern Pacific Ocean.
Haertel and Boos (2017) found that LPS 
frequency is not significantly affected by the 
amplitude of the Madden-Julian Oscillation 
(MJO). With increasing MJO amplitude, there 
is a slight decrease in the number of mon-
soon low-pressure areas, but roughly the 
same number of monsoon depressions and 
deep depressions. However, LPS frequency 
is modulated by MJO phase, with phases 
4–6 (where convection is favoured over 
the eastern Indian Ocean and the western 
Pacific Ocean) supporting the genesis of 
LPSs in general. While the eastward-prop-
agating MJO is the most prominent mode 
of the tropical intraseasonal oscillation (ISO) 
in boreal winter, the BSISO prevails in boreal 
summer (Wang and Xie, 1997; Kikuchi et al., 
2012). The convective anomalies associ-
ated with the BSISO show an additional 
northward/northeastward propagation 
over the Indian summer monsoon region 
(e.g. Yasunari, 1979) and northward/north-
westward propagation over the Western 
North Pacific and East Asian regions (e.g. 
Murakami, 1984). Suhas et al. (2013) pro-
posed the Monsoon Intraseasonal Oscillation 
(MISO) index as another index for monitor-
ing the northward-propagating component 
of the ISO over the Indian summer monsoon 
region. Unlike for the MJO, formal relation-
ships between LPS frequency and the north-
ward-propagating component of the ISO, as 
measured by the BSISO and MISO indices, 
have not been explored in the past.
Hunt and Fletcher (2019) identified four 
regional varieties of LPSs by applying a 
feature-tracking algorithm to ERA-Interim 
reanalysis and then using a k-means tech-
nique (MacQueen, 1967) to cluster the 
resulting tracks. LPSs forming over the head 
of the Bay of Bengal and nearby coastal 
regions were named BoB-short or BoB-long 
depending on the track length. They found 
that BoB-short LPSs are confined to eastern 
India, unlike BoB-long LPSs that propagate 
across the peninsula, reaching western and 
northwestern parts of India. The other two 
LPS varieties (Arabian and Sri Lankan) were 
situated over the Arabian Sea and Sri Lanka, 
respectively. As LPS studies are typically 
focused on monsoon depressions, Arabian 
and Sri Lankan LPSs have not received much 
attention. Moreover, the detailed behaviour 
of four LPS varieties during all phases of the 
ISO has not been examined. In this study, 
we aim to understand the following aspects:
1. What are the differences between track 
statistics for the four LPS varieties?
2. Are there important structural or ther-
modynamical differences between the 
different LPS varieties?
3. How much precipitation is contributed 
by each LPS variety to the seasonal 
mean precipitation?
4. How does the ISO, as measured by the 
BSISO, MISO and MJO indices, modulate 
LPS activity of each variety?
Data and methods
ERA-Interim
We use the European Centre for Medium-
Range Weather Forecasts ERA-Interim (ERA-
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I) reanalysis dataset (Dee et al., 2011) to 
analyse vertical structures of LPSs. ERA-I is 
available from January 1979 to August 2019 
at a spatial resolution of ~0.7° × 0.7° and a 
temporal resolution of 6 hours. For verti-
cal composites, we use 27 output pressure 
levels from 1000 to 100hPa.
LPS catalogue
We use an extended version of an LPS cat-
alogue that was initially created by Hunt 
and Fletcher (2019)2. In this catalogue, LPSs, 
which include monsoon low-pressure areas, 
depressions and deep depressions, are 
tracked in ERA-I. We retain those LPSs which 
had their genesis during June–September 
1979–2018 as ERA-I data for September 
2019 are not available.
Tropical Rainfall Measuring 
Mission
Version 7 of the Tropical Rainfall Measuring 
Mission 3B42 product (Huffman et al., 2007) 
is used to calculate the precipitation con-
tribution of LPSs. The dataset is available 
from 1998 to 2019 at a three-hourly tem-
poral resolution on a 0.25° grid.
Indices
The MJO indices (Wheeler and Hendon, 
2004) were obtained from the Bureau of 
Meteorology, Australia3.
The MISO indices (Suhas et al., 2013) 
were downloaded from the Indian Institute 
of Tropical Meteorology, Pune4. The BSISO 
indices (Kikuchi and Wang, 2010; Kikuchi 
et al., 2012; Kikuchi, 2020) were obtained 
from the International Pacific Research 
Center.5 Each index has a daily temporal 
resolution, and it is separated into eight 
phases that represent different geographi-
cal locations (e.g. phases 2–3 of the MJO 
index represent the Indian Ocean, whereas 
phases 2–3 of the BSISO and MISO indices 
represent the Indian Ocean–East Asia region 
and central India respectively). The three 
indices are computed from different fields 
and over different regions – outgoing long-
wave radiation (OLR) and zonal wind anom-
alies (averaged over 15°S–15°N) at 850 and 
200 hPa are considered for the MJO; OLR 
and zonal wind at 850 hPa (over 10°S–40°N, 
40°E–160°E) are considered for the BSISO; 
and daily rainfall data (over 12.5°S–30.5°N, 
60.5°E–95.5°E) is considered for the MISO. 
The MJO index is computed for all months, 
whereas the BSISO index is computed for 
May to October and the MISO index is 
computed for June to September. From 
the common period of June to September 
1998–2018, only those dates on which an 
index exceeds one standard deviation have 
been considered, in order to cleanly identify 
the phase at a given instant. There are: 4, 
5 and 7 Arabian LPSs; 47, 49 and 47 BoB-
short LPSs; 22, 21 and 31 BoB-long LPSs; 
and 25, 26 and 23 Sri Lankan LPSs for which 
the amplitude of the BSISO, MISO and MJO 
respectively is less than one. We refer to 
such LPSs as belonging to phase zero, for 
ease.
Significance testing
We perform the independent t-test 
(Snedecor and Cochran, 1989) to determine 
if the vertical composite of an LPS variety is 
significantly different from the all-LPS com-
posite. Our null hypothesis states that an 
LPS variety and the all-LPS composite have 
identical average values. Thus, areas where 
a 95% significance level is not satisfied are 
coloured grey in the figure.
Track statistics
Frequency and track  
characteristics
During June–September 1979–2018, 22 
Arabian, 229 BoB-short, 135 BoB-long and 
119 Sri Lankan LPSs are identified. Table 1 
shows the statistics for these four LPS vari-
eties. BoB-short LPSs have the largest fre-
quency of 5.7 (±1.7) systems per season, 
whereas Arabian LPSs have the smallest 
frequency of 0.6 (±0.8) systems per sea-
son. The figures in brackets indicate one 
standard deviation. The interannual corre-
lation coefficient between BoB-short and 
BoB-long LPSs is −0.49, suggesting that 
conditions that benefit one may suppress 
the other.
All LPS varieties can form throughout 
the summer monsoon season; the fre-
quency of BoB-short as well as BoB-long 
LPSs is larger in July and August than in 
June and September, in agreement with 
Krishnamurthy and Ajayamohan (2010). 
The frequency of Arabian LPSs is the 
largest in June. In our analysis period, 
there are 13 LPSs in June, of which 8 
formed during 1–7 June, which is the 
typical monsoon onset period over 
Kerala. This suggests that these LPSs 
are related to the monsoon onset vor-
tex. The conditions over the Arabian Sea 
for LPS genesis are more favourable in 
June than in other months. The position 
of the Somali jet is further towards the 
equator in June than in other months of 
the summer monsoon season. As there is 
positive low-level vorticity poleward and 
negative low-level vorticity equatorward 
of the jet axis, the positive low-level vor-
ticity over the genesis region reaches 
a maximum value in June, supporting 
the genesis of Arabian LPSs (Evan and 
Camargo, 2011). In contrast, Sri Lankan 
LPSs are least common in June, but most 
common in July.
BoB-long and BoB-short LPSs have mean 
durations of 7.6 and 7.3 days respectively, 
which are larger than those of Arabian and 
Sri Lankan LPSs. The mean track length and 
mean intensity (850 hPa relative vorticity at 
the system centre) of BoB-long LPSs are the 
largest among all LPS varieties. Arabian LPSs 
have the fastest mean propagation speed of 
2.5 m s−1; whereas BoB-short as well as Sri 
Lankan LPSs have the slowest mean propa-
gation speed of 1.5ms−1.
Track density
Figure 1 shows the track density of each 
regional variety during June–September 
1979–2018. The track density is calculated 
by a kernel density estimation (KDE) tech-
nique (Bowman and Azzalini, 1997). The KDE 
is a non-parametric technique to construct 
Table 1
The statistics for four regional varieties of South Asian monsoon low-pressure systems during June–September 1979–2018. Figures in 
brackets indicate the population standard deviation from the mean. The mean 850 hPa relative vorticity is taken from the centre of systems.
Variety
Number per season 
(June–September)
Mean track duration 
(days)




Mean 850hPa relative 
vorticity (10−5s−1)
Arabian 0.6 (0.8) 6.1 1105 2.5 5.3
BoB-long 3.4 (1.6) 7.6 1370 2.4 5.8
BoB-short 5.7 (1.7) 7.3 796 1.5 5.0























































a smooth probability density estimate of 
observed data, and it has been used to calcu-
late the track density of tropical cyclones over 
the north Indian Ocean (e.g. Wahiduzzaman 
and Yeasmin, 2019). The track density of BoB 
LPSs is maximised over eastern India, where 
there are about eight LPSs per square degree 
for the 40-year period. The peak track density 
of Sri Lankan LPSs is similar in magnitude to 
that of BoB-long LPSs. In contrast, Arabian 
LPSs have the smallest peak track density 
of 0.1–0.2 LPSs per square degree for the 
40-year period.
Vertical structure of  
temperature and moisture
Figure 2 shows the composite vertical struc-
tures of temperature anomalies and equiva-
lent potential temperature anomalies for 
each regional LPS variety. As LPS frequency 
shows significant variability on the monthly 
timescale, we consider a monthly climatology 
instead of a seasonal climatology. We first 
compute a climatology for each month dur-
ing June–September 1979–2018, and then 
calculate anomalies against the  climatology 
of the respective month. For composit-
ing, LPSs of each variety are centred on 0° 
relative latitude and 0° relative longitude 
at each time step. The vertical structure is 
then drawn above the zero-latitude line in a 
horizontal composite, similar to the method 
followed by Hunt et al. (2016). Thus, relative 
west is to the left and relative east is to the 
right of 0° relative longitude.
The expected warm-over-cold core struc-
ture is seen in each variety; the magnitude 
of the warm core is the largest in Arabian 
LPSs (Figure 2a), implying maximum latent 
heating and precipitation from deep con-
vection, whereas it is the smallest in Sri 
Lankan LPSs (Figure 2d). The warm core is 
located at equal altitude in BoB-long and 
BoB-short LPSs. However, its magnitude is 
larger by 0.2 K in BoB-long LPSs than in BoB-
short LPSs. In Sri Lankan LPSs, the warm 
core does not extend into the upper tropo-
sphere as evidenced by negative tempera-
ture anomalies above 300 hPa.
BoB-long LPSs feature the strongest cold 
core, which sits at the composite centre 
and extends up to the 700 hPa level. BoB-
short LPSs feature a similar cold-core struc-
ture, but the magnitude is smaller than that 
of BoB-long LPSs. Arabian LPSs feature a 
weaker cold-core structure; their cold core 
is elevated, and there are maximum anoma-
lies between 850 and 700 hPa. Similar to the 
warm core, the magnitude of the cold core 
of Sri Lankan LPSs is the smallest among all 
LPS varieties, and the maximum anomaly is 
located below the 925 hPa level. The weak 
thermal structure of Sri Lankan LPSs is related 
to the weak intensity of these systems.
We now investigate equivalent potential 
temperature (θ
e
), which is an important 
thermodynamic quantity for determining 
moisture content and stability of an air par-
cel. Large θ
e
 anomaly values for LPSs imply 
strong latent heating from deep convection, 
which is related to intense LPSs having a 
large moisture content. The maximum in θ
e
 
is located at a lower altitude than that in 
the temperature anomalies, suggesting that 
all four varieties have a maximum moisture 
content in the lower troposphere. Arabian 
LPSs feature the largest anomalies of 8 K, 
while Sri Lankan LPSs feature the smallest 
anomalies of 2 K. Thus, these results are con-
sistent with the observed intensity of four 
LPS varieties.
Precipitation contribution
It is crucial to determine the precipitation 
contribution of each LPS regional vari-
ety to the seasonal mean precipitation 
(June–September) as this information can 
help in designing forecasting products for 
hydrological services. This will ultimately 
help in improving the management of water 
resources as well as flood forecasting in the 
Indian subcontinent. Following Hunt and 
Fletcher (2019), we attribute precipitation to 
Figure 1. (a–d) The track density of four regional varieties of South Asian monsoon low-pressure 
systems (LPSs). The track density is calculated using a kernel density estimation technique. The 
total number of LPSs belonging to each variety is shown in each subplot. The unit of track density 
is LPS number per square degree for June–September 1979–2018.
Figure 2. (a)–(d) Vertical structure of temperature anomalies (K), and (e)–(h) equivalent potential tem-
perature anomalies (K) for storm-centred composites of four regional varieties of South Asian monsoon 
low-pressure systems (LPSs) during June–September 1979–2018. Solid contour lines indicate positive 
anomalies, whereas dashed contour lines indicate negative anomalies. Coloured contours are greyed 
out where an LPS composite does not significantly differ from the all-LPS composite at the 95% level.
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an LPS if it falls within a distance of 800 km 
from the LPS centre at each time step.
Figure 3 shows the precipitation con-
tribution and the mean track of each LPS 
variety. BoB-short LPSs have the largest 
precipitation contribution over the western 
Bay of Bengal and adjoining eastern India. 
They cause more than 40% of the seasonal 
precipitation over this region and 10–30% 
of the seasonal precipitation over parts of 
central India, Bhutan, southern Tibet, Nepal, 
Bangladesh and western Myanmar. BoB-long 
LPSs also cause rainfall over eastern India, 
but the attributed rainfall is smaller due to 
the faster propagation, longer tracks and 
smaller frequency than those of BoB-short 
LPSs. We note that 10–30% of the seasonal 
precipitation over parts of Pakistan and 
central, western and northwestern parts of 
India is attributed to BoB-long LPSs. Over 
southern parts of Afghanistan and adjoin-
ing eastern Iran, the attributed precipitation 
exceeds 40%.
Sri Lankan LPSs are responsible for 
20–40% of the seasonal rainfall over Sri 
Lanka and adjoining parts of southeast-
ern India. In fact, the attributed pre-
cipitation exceeds 40% over northern Sri 
Lanka. In contrast, Arabian LPSs provide 
a very low precipitation contribution 
of up to 20% over the central Arabian Sea 
and less than 10% over the western coast of 
India and Pakistan. While our results agree 
with Hunt and Fletcher (2019) in general, we 
find a larger precipitation contribution from 
Sri Lankan LPSs and a smaller contribution 
from Arabian LPSs than their results.
Modulation of LPS activity by 
the ISO
In this section, we investigate how the ISO 
modulates the frequency of four regional 
LPS varieties. As the ISO can be well pre-
dicted on the sub-seasonal time scale (e.g. 
Fu et al., 2007), a better understanding of 
the ISO-LPS relationship can help in provid-
ing useful LPS forecasts with lead times of 
several weeks, which will benefit weather-
dependent socio-economic sectors. Figure 4 
shows the anomalous occurrence of four 
LPS varieties in each phase of the BSISO, 
MISO and MJO during June–September 
1998–2018. The anomalous occurrence is a 
ratio of the difference between the number 
of LPSs whose genesis occurs in each phase 
and the climatological expected value of 
LPSs in all phases to the climatological 
expected value of LPSs in all phases. Thus, 
a 0% value indicates that the frequency of 
occurrence of LPSs equals the climatologi-
cal expected value, 100% indicates twice 
that of the climatological expected value, 
and −100% indicates no occurrence of LPSs. 
The location of convective anomalies in a 
given phase of the MISO is similar to that in 
the BSISO when there is a phase difference 
of five (not shown). Hence, MISO phases in 
Figure 4 have been offset by five phases to 
align them with the corresponding BSISO 
phases.
BoB-long and BoB-short LPSs form dur-
ing all phases of the BSISO, MISO and MJO. 
However, Arabian LPSs are only found to 
form during BSISO phases 2–4, MISO phases 
1, 3 and 8, and MJO phases 1–3. Sri Lankan 
LPSs form only during BSISO phases 1–4 
and 7–8, MISO phases 1–2 and 4–8, and 
MJO phases 1–4 and 6–8. Their frequency 
peaks in BSISO phases 2–3 and MISO phases 
7–8. The anomalous frequency of Arabian 
and Sri Lankan LPSs is maximum in MJO 
phases 1–2, when convection is over the 
Indian Ocean and adjoining parts of eastern 
Africa. BoB systems follow a similar pattern, 
but their frequency peaks several phases 
later as the ISO propagates northward. As 
the frequency of Arabian LPSs is very small, 
the ISO controls them more strongly than 
BoB and Sri Lankan LPSs.
We perform a composite analysis of 500 hPa 
specific humidity, 850 hPa vector wind and 
700 hPa vertical velocity for all phases of the 
BSISO, MISO and MJO to understand the 
results. These parameters are important for 
deep convection and genesis of LPSs (e.g. 
Sikka, 1978). The results are shown in Figures 
S1-S6, available in the Supporting Information 
accompanying the online version of this arti-
cle. Figure S1 shows anomalies of 500 hPa 
specific humidity and 700 hPa vertical veloc-
ity for different phases of the BSISO, whereas 
Figure S2 shows 850hPa vector wind anoma-
lies. These anomalies are computed against a 
summer mean climatology (June–September 
1979–2018). In BSISO phase 1, positive spe-
cific humidity anomalies and anomalous 
ascent first appear to the south of Sri Lanka 
and there is a cyclonic shear over Sri Lanka 
(Figure S2). In BSISO phases 2–4, these anom-
alies are seen over Sri Lanka and adjoining 
parts of the Arabian Sea, which favour gen-
esis of Sri Lankan and Arabian LPSs. In subse-
quent phases, these anomalies intensify and 
propagate northward/northeastward, favour-
ing the genesis of BoB systems. While convec-
tion is active over the Bay of Bengal, negative 
specific humidity anomalies and anomalous 
descent develop over Sri Lanka and adjoining 
parts of the Arabian Sea, which suppress LPS 
frequency. The negative anomalies propagate 
in a similar manner, suppressing frequency 
of BoB systems several phases later. We find 
similar results for the MISO (Figures S3 and 
S4) and MJO (Figures S5 and S6).
As BoB-short and BoB-long LPSs have similar 
features and genesis regions, the latter could 
be considered as an extension of the former. 
We now understand if the ISO forcing has 
any role in evolving BoB-short LPSs into BoB-
long LPSs. Krishnan et al. (2011) investigated 
long-lived BoB monsoon depressions during 
2006. They found that the lifespan of these 
systems was enhanced due to an increase in 
barotropic instability of the large-scale mon-
soon flow, moisture over the Bay of Bengal, 
and mid-level flows entering the stratiform 
rain region. They concluded that barotropic 
instability was enhanced due to an increase 
in the meridional shear of the zonal wind 
around 21°N. In this study, in BSISO phases 
5–7, MISO phases 2–4 and MJO phases 4–5, 
Figure 3. (a–d) Percentage of seasonal (June-September 1998–2018) precipitation attributed to 
four regional varieties of South Asian monsoon low-pressure systems. A solid red line shows the 
mean track of each variety, whereas a red dot shows the genesis location. Rainfall is attributed to 














































which feature most BoB-long LPSs, there is an 
enhancement of barotropic instability, as evi-
denced by an increase in the meridional shear 
of the zonal wind anomalies. Furthermore, 
there is more mid-tropospheric moisture 
and anomalous ascent over the monsoon 
trough region in these phases than those 
having a smaller frequency of BoB-long LPSs. 
Therefore, ISO forcing helps in the evolution 
of BoB-short LPSs into BoB-long LPSs. Further 
investigations are needed to examine the role 
of internal dynamics in this process.
Discussion and conclusions
South Asian monsoon low-pressure sys-
tems (LPSs) are major rain-bearing synop-
tic-scale cyclonic vortices. LPSs originating 
over the head of the Bay of Bengal (BoB) 
and nearby coastal regions bring around 
half of the summer monsoon precipita-
tion to India and can trigger catastrophic 
floods. As several studies have investigated 
various features of mainly strong LPSs 
such as Bay of Bengal monsoon depres-
sions, weaker LPSs remain excluded. In this 
study, we used a catalogue of four regional 
varieties of LPSs (Hunt and Fletcher, 2019) 
that occurred during June–September 
1979–2018. Track statistics, thermal and 
moisture structures, and the precipitation 
contribution of each variety were exam-
ined. The modulation of LPS activity of each 
variety by the tropical intraseasonal oscilla-
tion (ISO) was investigated. The results are 
summarised as follows.
The differences between track 
statistics
We identified 22 LPSs over the Arabian Sea 
and 119 over the Sri Lankan region. In addi-
tion, 364 LPSs were identified over the head 
of the Bay of Bengal and nearby coastal 
regions, of which 229 LPSs were confined 
to eastern India (BoB-short) and 135 LPSs 
travelled to western and northwestern India 
(BoB-long). LPSs were most common in July 
and August, except for Arabian LPSs, which 
were most common in June due to the pos-
sible role of monsoon onset conditions. We 
found that BoB-long LPSs were the strongest 
and Arabian LPSs were the fastest among all 
varieties. In contrast, Sri Lankan LPSs were 
the weakest, and along with BoB-short LPSs, 
they were the slowest among all LPSs.
Vertical structure
All four LPS varieties featured a warm-over-
cold thermal structure, which is commonly 
seen in LPSs over South Asia (e.g. Hunt et al., 
2016). Arabian LPSs featured the strongest 
warm core, and BoB-long LPSs featured the 
strongest cold core. In contrast, Sri Lankan 
LPSs had the weakest warm core and cold 
core structure, which was related to their 
weak intensity. All four LPS varieties had 
their maximum anomaly in equivalent 
potential temperature in the lower tropo-
sphere; Arabian and Sri Lankan LPSs had the 
largest and smallest anomalies respectively.
Precipitation
We calculated the precipitation contribution 
of each LPS variety to the summer mean 
precipitation. We found that BoB-short LPSs 
had the largest precipitation contribution 
over the western Bay of Bengal and nearby 
coastal regions; BoB-long LPSs were the 
major precipitation contributors to interior 
parts of India as well as parts of Pakistan, 
Iran and Afghanistan. In contrast, Arabian 
LPSs had the smallest precipitation con-
tribution, whereas Sri Lankan LPSs had a 
Figure 4. Anomalous occurrence (%) of four regional varieties of South Asian monsoon low-pressure systems (LPSs) during phases of the Boreal Summer 
Intraseasonal Oscillation (BSISO), Monsoon Intraseasonal Oscillation (MISO) and Madden-Julian Oscillation (MJO) over June–September 1998–2018. 
Numbers in subfigures indicate the total number of LPSs. A 0% value indicates that the frequency of occurrence of LPSs equals the climatological 
expected value (shown in brackets in each subfigure), whereas 100% indicates twice that of the climatological mean value. A −100% value indicates no 
occurrence of LPSs. Only those LPSs occurring during the BSISO, MISO or MJO in which the amplitude exceeds one standard deviation are retained. The 
MISO phases have been phase-shifted by 5 to align with the corresponding BSISO phases. Bars for BoB-long and BoB-short LPSs are not subdivided — 
they represent the sum of individual changes to these LPS varieties. Note the different y-axes in subfigures for Arabian, BoB and Sri Lankan LPSs.
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moderate contribution to rainfall over Sri 
Lanka and adjoining parts of southern India.
Modulation of LPSs by the ISO
We investigated the anomalous occurrence 
of each LPS variety during June–September 
1998–2018 and found that only BoB-short 
and BoB-long LPSs formed in all phases 
(amplitude greater than one standard devia-
tion) of the BSISO, MISO and MJO, which are 
the three commonly used indices for moni-
toring the ISO. The propagation of the ISO 
modulated the anomalous occurrence of 
each variety; the anomalous occurrence of 
Arabian and Sri Lankan LPSs peaked when 
the ISO was active over Sri Lanka and adjoin-
ing parts of the Arabian Sea, whereas that of 
BoB systems peaked several phases later with 
the northward/northeastward propagation of 
the ISO. We found that cyclonic shear, positive 
specific humidity anomalies and anomalous 
ascent favoured LPS genesis, while negative 
specific humidity anomalies and anomalous 
descent opposed LPS genesis.
This study opens a new avenue for research 
on four regional LPS varieties and the role 
of ISO forcing in modulating their frequency. 
Further investigation is needed to compare 
more dynamical properties of the four varie-
ties. In addition, the genesis mechanisms of 
Sri Lankan LPSs need to be understood. Here 
we speculate that the interaction between 
cross-equatorial winds of the monsoon and 
the high-central Sri Lankan terrain provides 
low-level cyclonic vorticity on the lee side 
for spin up of Sri Lankan LPSs.
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Figure S1. 500hPa specific humidity anom-
aly (10–3kgkg−1) in coloured contours and 
700hPa vertical velocity anomaly (10–2Pas−1) 
in line contours for all phases of the Boreal 
Summer Intraseasonal Oscillation (BSISO) 
during June–September 1998–2018. The 
anomalies are computed against the sum-
mer mean climatology (June–September 
1979–2018). The vertical velocity anomalies 
are smoothed using a 2-D Gaussian filter 
with a smoothing radius of ~200km. Solid 
(dashed) contour lines indicate anomalous 
decent (ascent). Coloured and line contours 
are not shown where the mean surface 
pressure is less than 500hPa and 700hPa 
respectively. Phase 0 represents BSISO 
events featuring an amplitude less than one.
Figure S2. 850hPa vector wind anomalies 
(ms−1) for all phases of the Boreal Summer 
Intraseasonal Oscillation (BSISO) during 
June–September 1998–2018. The anomalies 
are computed against the summer mean 
climatology (June–September 1979–2018). 
Contours are greyed out where the mean 
surface pressure is less than 850hPa.
Figure S3. As in Figure S1, but for all phases 
of the Monsoon Intraseasonal Oscillation. 
Note the different contour interval for 
500hPa specific humidity anomaly than 
shown in Figure S1.
Figure S4. As in Figure S2, but for all phases 
of the Monsoon Intraseasonal Oscillation.
Figure S5. As in Figure S1, but for all phases 
of the Madden-Julian Oscillation. Note the 
different contour interval for 500hPa specific 
humidity anomaly than shown in Figure S1.
Figure S6. As in Figure S2, but for all phases 
of the Madden-Julian Oscillation.
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Introduction
In the tropics, air–sea interactions are an 
important driver of weather and climate vari-
ability and can seed extreme weather events. 
Robust, accurate and widespread observa-
tions at the air–sea interface can improve our 
understanding of air–sea interaction, help to 
validate coupled climate models and improve 
the initial conditions for weather forecasts. A 
crucial component of the air–sea interaction 
is the exchange of heat and moisture at the 
surface. When observing these fluxes, satel-
lites and vessels can only take us so far. To 
make the next step in understanding air–sea 
interactions, a comprehensive network of 
flux measurement platforms, able to sam-
ple for extended periods of time, is needed 
(Cronin et al., 2019).
Nowadays, there are a range of instru-
ments spread across global oceans to cap-
ture in situ measurements as part of systems 
like the Global Ocean Observing System 
(GOOS) and the EUMETNET Surface Marine 
Programme. Some examples relevant to the 
collection of observations at the air–sea 
interface include the Argo network, moored 
and drifting buoys, and ships. However, 
these systems have their limitations: ves-
sels are costly and thus only provide sparse 
coverage, while moorings rely on deploy-
ment and maintenance from a ship, another 
costly procedure. Argo floats have provided 
a step change in global coverage of ocean 
observations, but they typically only surface 
at 10-day intervals and so are unsuited to 
studying air–sea interactions on short time 
scales. Drifting buoys also require deploy-
ment by vessel and cannot be targeted 
to a region of interest, and most drifting 
platforms only measure near-surface ocean 
temperature and atmospheric pressure, in 
addition to recording their position. There 
are efforts to incorporate a range of mete-
orological and ocean sensors onto drifters 
(Centurioni et al., 2019) but their Lagrangian 
nature still limits their use when a set loca-
tion is to be studied.
The development of autonomous surface 
vessels allows targeted measurements of a 
wide suite of surface ocean and atmospheric 
data in particular regions of interest, over long 
time periods. These vessels will be a key com-
ponent of future global in situ arrays of obser-
vation platforms for air–sea fluxes with high 
spatial resolution and minimal reliance on 
ship time. Ideally, these surface vessels would 
be non-polluting and powered by renewable 
resources, such as waves, wind and sun.
Autonomous vehicles
The use of autonomous vessels in air–sea 
interaction studies allows for measurements 
very close to the water surface, with mini-
mal disturbance to the surrounding air and 
water parcels. Other advantages include: 
the ability to launch and recover the ves-
sels from the shore, cutting down costs and 
reliance on ship time for study; the lack of 
emissions and low carbon footprint; and the 
ability to reach previously inaccessible areas. 
Examples of autonomous vessel deploy-
ments to date include Saildrones as part of 
the SPURS-2 campaign (Zhang et al., 2019), 
to demonstrate their feasibility as air–sea 
interaction observational platforms, a wave 
glider studying air–sea interaction in Drake 
passage (Thomson and Girton, 2017) and the 
OCARINA platform developed by Bourras et 
al. (2014), deployed off the west coast of 
France as part of FROMVAR. It is apparent 
that the use of surface vehicles in flux deter-
First measurements of ocean and 
atmosphere in the Tropical North 
Atlantic using Caravela, a novel 
uncrewed surface vessel
